West Nile virus (WNV) is a major cause of mosquito-borne illness in the United States. Human disease ranges from mild febrile illness to severe fatal neurologic infection. Adults aged >60 years are more susceptible to neuroinvasive disease accompanied by a high mortality rate or long-lasting neurologic sequelae. A chimeric live attenuated West Nile virus vaccine, rWN/DEN4Δ30, was shown to be safe and immunogenic in healthy adults aged 18-50 years. This study evaluated rWN/ DEN4Δ30 in flavivirus-naive adults aged 50-65 years and found it to be safe and immunogenic. Outbreaks of WNV infection tend to be unpredictable, and a safe and effective vaccine will be an important public health tool.
>60 years of age [2] [3] [4] [5] [6] . In this age group, WNV infection can cause hepatitis, meningitis, and encephalitis, leading to paralysis, coma, and death. WNV is considered an emerging infection in the United States and presents a significant public health threat. This epidemiological trend of WNV suggests that the United States can expect periodic WNV outbreaks, underscoring the need for a safe and effective vaccine to protect at-risk populations, especially older adults.
The live attenuated WNV vaccine (rWN/DEN4Δ30) is a chimeric virus in which the prM and E structural protein genes of the DEN4Δ30 virus have been replaced by those of WNV strain NY99 [7] . Attenuation of rWN/DEN4Δ30 virus was achieved by 2 mechanisms: antigenic chimerization of WNV with nonneuroinvasive dengue virus serotype 4 (DENV-4) and the presence of a 30-nucleotide deletion in the 3´untranslated region. This strategy has led to an acceptable balance of attenuation and immunogenicity, as demonstrated previously [7] [8] [9] [10] [11] [12] . In nonhuman primates, rWN/DEN4Δ30 was highly attenuated, with no evidence of neuroinvasive disease, and all monkeys inoculated with a single dose of rWN/DEN4Δ30 demonstrated moderate-to-high levels of WNV-specific neutralizing antibodies and were completely protected against challenge with WNV NY99 [8, 9] . In addition, results of a comprehensive study of neuropathogenesis of the vaccine in the central nervous system of rhesus monkeys demonstrated a high level of neuro-attenuation of rWN/DEN4Δ30 as compared to that of the yellow fever 17D reference vaccine [10] . rWN/DEN4Δ30 also demonstrated restricted replication in young geese and reduced ability to infect, replicate, and disseminate in both Culex and Aedes mosquitoes, diminishing its risk of mosquito-bird-mosquito cycle transmission in wildlife [9, 11] .
Previous studies evaluated rWN/DEN4Δ30 in humans in 2 separate clinical trials [12] . The vaccine lot WN/DEN4#1 (Novavax, Rockville, MD) was evaluated at 10 3 plaque-forming units 
Study Population
Twenty-eight healthy adult volunteers aged 50-65 were recruited from the Baltimore and Burlington areas. Informed consent was obtained prior to initiation of any study procedures. Individuals were eligible for inclusion if they were healthy, aged 50-65 years, and screen negative for hepatitis C and B viruses and HIV; had no evidence of prior DENV-1-4, WNV, St. Louis encephalitis virus, or yellow fever virus infection; and had normal screening values of liver function tests (LFTs), complete blood count (CBC), creatinine level, prothrombin and partial thromboplastin times, and urine analysis. Female subjects of childbearing potential were required to have a negative pregnancy test at screening and on vaccination day and were required to use a reliable method of contraception for the duration of the study. Subjects were also asked to be present for the duration of study, to complete a temperature card by recording oral temperatures 3 times daily, and to comply with study procedures of clinician examination and blood specimen collection.
Study Design
On the day of vaccination, subjects were randomly assigned to receive either 10 4 PFU of rWN/DEN4Δ30 or placebo (vaccine diluent) given as a single 0.5-mL subcutaneous injection. After vaccination, subjects were evaluated for reactogenicity and adverse events (Table 1 ) every other day through study day 16 and then on study days 21, 28, 56, 90, and 180. A blood specimen was collected at each visit through study day 28 for detection of viremia and/or performance of safetyassociated laboratory analyses, including determination of a CBC with differential, determination of the alanine aminotransferase level, and coagulation studies. Neutralizing antibodies were measured against 3 viruses on days 0, 28, 56, 90, and 180.After administration of second dose or placebo at day 180, the laboratory and clinical assessments followed a schedule identical to the first-dose follow-up schedule. Neutralizing antibody was measured using the 50% plaque reduction neutralization test (PRNT 50 ) with 2 wild-type (WT) WNV strains (NY99-35262 and R94224) as the target viruses. Previously published genome sequence analysis of structural proteins indicated that R94224 belongs to the WN02 genotype of WNV [13] . Serum neutralizing antibody titers against vaccine virus (lot WN/DEN4#108A) were measured following receipt of the first and second vaccination. The durability of the antibody response was assessed 180 days following receipt of first and second vaccination. Viremia was assessed using a standard plaqueforming assay as described in previous studies [14] . Baseline characteristics and the frequency of adverse events (AEs) were compared between vaccine and placebo recipients. Statistical significance of the incidence of AEs was determined using the Fisher exact test, and for the mean viremia data, the TukeyKramer multiple comparison test was used (JMP, version 11.1.1; SAS Institute, Cary, NC).
RESULTS
A total of 28 subjects were enrolled, with 14 women (50%) and 14 men (50%) between the 2 sites. At each site, 10 subjects received vaccine and 4 received placebo. The mean age of subjects was 55.5 years (range, 50-65 years). Eight subjects were aged ≥60 years. Eighteen subjects (64%) were white, and 10 subjects (36%) were African American. Vaccine and placebo recipients were distributed evenly between the male and female volunteers. There were no injection site reactions nor was fever reported in any subject. None of the observed AEs was significantly associated with vaccination. The most commonly reported AE was headache, in 5 (25%) of vaccinees and 1 placebo recipient (12.5%; Table 1 ). Two vaccinees and 1 placebo recipient experienced a rash similar to that associated with dengue vaccine; all cases were mild. Before receipt of the second dose, one of the vaccinees was incarcerated and was withdrawn from the study; the remaining 19 vaccinees received a second dose of vaccine at day 180. Of the 27 volunteers who received a second dose of vaccine or placebo, headache was again the most commonly reported AE, occurring in 3 vaccinees (26.3%) and 2 placebo recipients (25%; Table 1 ).
Vaccine viremia was detected in 3 subjects (15%) following receipt of the first dose; none of the subjects was viremic following receipt of the second dose. The peak viral titer was 0.7 log 10 PFU/mL of serum, and viremia was detectable for a mean duration of 2.3 days.
The levels of neutralizing antibody against WNV were determined by PRNT 50 , using WNV strain NY99 (WN99), which appeared in the United States in 1999; WN02 genotype strain (WN02), which was isolated from human brain tissue in 2008; or vaccine virus. The geometric mean peak titer for the 20 vaccinees following receipt of the first dose was 1:62, 1:66, and 1:155 when the target virus was WN02, WN99, and rWN/DEN4Δ30 virus, respectively (Table 2) . For the 19 volunteers who received a second dose of rWN/DEN4Δ30, the geometric mean peak titer was 1:26, 1:48, and 1:194 against WN02, WN99, and rWN/DEN4Δ30 virus, respectively. Following receipt of the first dose of vaccine, 95% of vaccinees seroconverted (PRNT 50 titer, ≥ 1:10) by day 90.
DISCUSSION
Previous studies with rWN/DEN4Δ30 in adults aged 18-50 years demonstrated that the vaccine was safe, immunogenic, and well tolerated [12] . As the neurologic complications of WNV are highest in older adults, it is important to evaluate the performance and safety of rWN/DEN4Δ30 in this vulnerable age group, as they would be the ideal target age group for vaccination [4, 5] . The purpose of this study was to evaluate the immunogenicity and safety of rWN/DEN4Δ30 in that target population. Overall, the vaccine was well tolerated, and there were no significant differences in reported AEs between vaccine b Nineteen of 20 subjects received a second dose. Eighteen of 19 subjects had serologic findings from day 360, owing to incarceration of 1 subject. recipients and placebo recipients. The most common AEs reported were headache and nausea in both vaccine recipients and placebo recipients. There were no neurologic manifestations, underscoring the apparent lack of neurotropism of rWN/DEN4Δ30, compared with WT WNV infection [9, 10] . This fact has been well documented in previous studies [12] , but it is an important clinical finding to note, given the risk of West Nile neuroinvasive disease in adults >50 years old. Following receipt of a single dose of rWN/DEN4Δ30, 19 of 20 vaccinees seroconverted to WT WNV, for an overall seroconversion rate of 95%. The ability of antibodies induced by the vaccine to neutralize WT WNV was evaluated against WN99, the prototypic strain of WNV, and the recent WN02 genotype virus. The WN02 genotype of WNV contains a characteristic, nonsynonymous Val-159-Ala substitution in the envelop protein that has been identified in the majority of WNV isolates since 2002 [13, 15] . The mean peak antibody titer against both WT viruses was not significantly different. The mean peak titers (reciprocal) against WN02, WN99, and vaccine rWN/DEN4Δ30 virus were 62, 66, and 155, respectively, after receipt of the first dose and 26, 48, and 194 following the second vaccination. Following receipt of the second dose of vaccine, a rise (≤4-fold) in the mean antibody titer, compared with the mean titer on study day 180, was noted for all 3 viruses. Although replicating virus was not detected in any subject following receipt of the second dose, the small increase in anamnestic response observed following the second vaccination suggests some viral replication below the assay's limit of detection (<0.5 log 10 PFU/mL). The high rate of seroconversion following receipt of the first dose and the lack of 4-fold boost in antibody titer following receipt of the second dose suggest that a single dose of vaccine may be sufficient to induce a protective neutralizing antibody response. Neutralizing antibody titers at days 180 and 360 were similar. It appears that an acceptable balance of immunogenicity and attenuation is achieved with 1 dose of rWN/DEN4Δ30. The duration of this protection from a single vaccination is unknown, and further studies to examine the durability of neutralizing antibody may be useful in predicting immunization recommendations.
The results of this current study demonstrate that immunization with a single dose of rWN/DEN4Δ30 produces high levels of neutralizing antibody against WT WNV, inducing a 95% rate of seroconversion in an older population. This is an important observation, as age-related alterations in the immune system (ie, immunosenescence) may contribute to the increased susceptibility to infection and corresponding increase in disease among older adults. Clinically, the majority of severe infections with WNV occur in adults >60 years of age, thus rendering this age group an important target population for the vaccine. The current study reveals that, when given at a dose of 10 4 PFU, this vaccine is safe and well tolerated. The neutralizing antibody response seen in this older cohort was similar to what had been demonstrated in previous studies with younger adults, with individuals in each age group producing comparable mean peak antibody titers following receipt of one 10 4 PFU dose of rWN/ DEN4Δ30 [12] . As there is currently no effective therapy for WNV infection other than supportive care, an effective vaccine may be key to reducing the incidence of severe neuroinvasive disease or death in older adults.
Notes

